ABSTRACT: Few laboratory and field studies have reported long survival periods for Ae. aegypti females and even fewer have designed experiments to characterize this important life history trait. This study was conducted under laboratory conditions to determine the number of blood meals taken by individual females, the number of eggs laid per individual female, the length of the gonotrophic cycle, and the duration of female survival. The results showed individual females oviposited between 670 and 1,500 eggs throughout their lifetimes, females undergoing large numbers of gonotrophic cycles and surviving up to 224 days. These results are discussed in the context of vector competence, unique alternating high and low oviposition patterns observed after week 14, and resource partitioning/allocation by older Ae. aegypti females after blood feeding. Journal of Vector Ecology 42 (1): 130-135. 2017.
INTRODUCTION
Within the Americas, Aedes aegypti (L.) remains the primary urban vector of dengue (Rosen et al. 1985) , yellow fever (Aitken et al. 1977) , chikungunya (Turell et al. 1992) , Zika (Marchette et al. 1969) and Mayaro viruses (Long et al. 2011 ), but some aspects of the biology, ecology, and disease transmission dynamics of this mosquito are not fully understood. One fundamental aspect of its vector competence involves the duration of survival of males after sugar feeding and the duration of survival of females after an infectious blood meal. The time from blood-feeding to pathogen replication, penetration of the peritrophic membrane by the pathogen, escape to the basal lamina, and dissemination through the mosquito haemocoel to the salivary glands is often referred to as the extrinsic incubation period (EIP), or the time females must survive to become infectious. During this EIP, blooded females can be affected or killed by a range of factors, including temperature, humidity, mosquito susceptibility to insecticides, infective dose, and vector density (Clements 1999) . Watts et al. (1987) reported an incubation period of dengue 2 virus in Ae. aegypti at circa 30º C as approximately 12 days or more while Christophers (1960) reported the earliest age at which females took a blood meal was two days, which, when combined, suggests that females have to survive circa 14 days to become infected and infectious. Reiskind et al. (2010) reported that intraspecific competition at the larval stage had a significant effect on the longevity of Ae. aegypti under low humidity conditions. Hugo et al. (2014) reported the effects of seasonal changes on vector competence and survival with the most significant number of mosquitoes surviving during the dry-cool season when over 92% of the Ae. aegypti survived to become infectious (circa 12 days). On the other hand, Sylvestre et al. (2013) showed the potentially negative effects of DENV infections on Ae. aegypti longevity, fecundity, and oviposition success, with the main impacts occurring two to three weeks postinfection, but a few females did survive for over 40 days.
In the past, most studies were conducted using laboratoryreared Ae. aegypti, but such data are often considered unreliable for predicting the age of individual mosquitoes, their mortality due to predation, or changes in rainfall, temperature, and humidity patterns (Christophers 1960 , Clements 1999 . Therefore, elaborate laboratory and field studies have been conducted. However, an important observation of these studies was that a few females and males survived for over 60 days, but the possible role that these long-lived mosquitoes play has not been thoroughly investigated. Currently within the Americas, dengue, chikungunya, and Zika viruses have acquired hyperendemic disease status with emerging pathogens such as Mayaro and Madariaga viruses set to make an entry within rural and urban environments in the near future (Long et al. 2012 , Luciani et al. 2015 . At present, these three hyperendemic viruses are transmitted by Ae. aegypti, but many aspects of the mosquito biology remain poorly studied or ignored, especially their longevity, an important factor in their vector competence and disease transmission dynamics.
The purpose of this study was to better understand the number of gonotrophic cycles females undergo during their lifetime. In this way, the role these older mosquitoes play in disease transmission and the maintenance of genetic material during adverse weather conditions, such as drought and winter, can be explored.
MATERIALS AND METHODS

Colony strain
The Ae. aegypti strain used in this study was obtained as eggs using modified ovitraps (Fay and Eliason 1966) in the small housing area of St. James located in the western part of Port of Spain, Trinidad. All eggs were brought to the Parasitology Laboratory, Department of Life Science, University of the West Indies, St. Augustine, Trinidad, where they were identified by examination under a microscope (x40) for the chorionic pattern characteristic of Ae. aegypti eggs (Pratt and Kidwell 1969) . The colony was maintained in a temperature-controlled room with a mean temperature of 26º + 1º C and a relative humidity of 75-80%.
Females were allowed to engorge on blood from an anesthetized rat within the 20-min period centered on 17:20 h, a time close to the main peak of landing and biting in the field in Trinidad (Chadee and Martinez 2000) . Blood-feeding was conducted in keeping with the protocol approved by the Ethics Committee of the South West Regional Health Authority (SWRHA), San Fernando, Trinidad. All females were allowed to oviposit eggs in small black tubs lined on the inside surface with seed germination paper. After an incubation period of 48 h, eggs harvested from the colony cages were hatched and reared using the protocol outlined by Chadee (2012) .
Experiment 1
The mosquitoes used in these experiments were held in the laboratory at 26º C + 1º and 70%-75% relative humidity and exposed to a regime of 12 h of light (06:00 to 18:00) followed by 11 h of darkness with a 30-min twilight immediately before and after the scotophase. Mosquitoes for this experiment were reared under the light regimen described above. All pupae were allowed to emerge in the cage, exuviae removed and examined microscopically to determine the number of males and females which eclosed in each cage, females allowed to blood-feed on an experimenter's arm and oviposition monitored every week until all females died. All 108 females were allowed to oviposit eggs in small black tubs lined on the inside surface with seed germination paper. These paper strips were harvested weekly and after an incubation period of 48 h, eggs harvested from the experimental cages were hatched and reared using the protocol outlined by Chadee (2012) .
Experiment 2
A companion experiment was conducted similar to that described above, but three virgin females and individual male Ae. aegypti were placed in cages. Each cage measured 30 x 30 x 30 cm, and consisted of white cloth netting enclosing a wooden frame and containing a piece of sponge soaked in honey placed on top of the cage. In addition, each cage contained four small (300 ml) oviposition tubs containing 200 ml temperature-equilibrated tap water. Females were allowed to blood-feed on an experimenter's arm and oviposition was monitored every week until all females died. At week 14, the three females in Cage A were transferred to individual cages. All females were allowed to oviposit as described above. These paper strips were harvested weekly and after an incubation period of 48 h, eggs were harvested, hatched, and reared using the protocol outlined by Chadee (2012) . All data were analyzed by transforming the data into contingency tables and subjecting them to a G-test to determine whether there were significant differences in the eggs laid and blood meals taken for each gonotrophic cycle.
RESULTS
The initial observations revealed that three Ae. aegypti females survived over 13 weeks or 90 days. Over the first two weeks, females blood-fed twice to produce their first batch of eggs with consistent patterns of oviposition observed. Thereafter, during weeks three and four, females took a single blood meal and produced a batch of eggs in each week (Table 1) . However during weeks five and six, egg batch sizes declined with each female producing egg numbers within the range of 2-12, but their egg batch size increased significantly (G=23.8 d.f. 3 P<0.03) to 70, 68, and 85 eggs, respectively, during week seven.
Female #1 consistently laid eggs each week from week three and continued to blood-feed and oviposit each week but died on week 26 after laying only five eggs on the water surface where the female drowned (death-stress-oviposition). During weeks 15 to 26, female #2 displayed a consistent alternating oviposition pattern with one week of high egg counts followed by a week with only 0-7 eggs; this oviposition pattern consistently occurred for 11 weeks. Female #1 laid a total of 25 times producing 890 eggs over the 184 days she survived (Figures 1 and 2 ).
Female #2 continued to blood-feed each week and consistently laid eggs each week from week three but died during week 14 after producing 45 eggs, which may represent all previously retained eggs and an oviposition pattern akin to 'death stress oviposition' , with most or all eggs laid on the surface of the water in the oviposition container. Female #2 laid a total of 13 times, producing 670 eggs over the 98 days she survived (Figure 2 ).
Female #3 continued to blood-feed each week and consistently laid eggs each week from week three but died during week 15 after laying 41 eggs which were similarly scattered on the water surface of the oviposition containers like female #1. Female #3 laid a total of 14 times, producing 765 eggs over the 105 days she survived (Figure 2 ).
In Experiment 3 (Table 1 , Figure 4 ), most females survived for >140 days (avg = 20.2±1.1 weeks), while one female survived for 32 weeks (224d). Total egg production ranged from 722 to 1,500 (avg = 1,137±303) eggs per female. The cage C longest-lived female produced 371 eggs between weeks 21 and 32 and dissection revealed 24 retained eggs.
At week 14, the three females from cage A were transferred to individual cages. One female produced no further eggs. The patterns of egg production of the other two females in cage A, along with the longest-lived female from cage C, are shown in Figure 3 . These show similar alternating patterns in egg production in old females to that shown in Figure 2 . Average egg production per female across cages (Figure 4 ) showed significant (G >16, P <0.01) declines at weeks eight and ten, three weeks later than that shown by the individual females in the earlier experiments (Figure 2 (Mathis 1935 , Muir and Kay, 1998 , Styer et al. 2007 , Reiskind et al 2010 , Brady et al. 2013 ) that found female longevities of between 54 and 110 days in <1% of adults. However, in the last experiment described here, a remarkable 5/18 females survived for 150 days and average longevity was 140 days, suggesting notable adaptation of the colony to the laboratory conditions described.
The implications of these results have not previously been explained or considered in epidemiological terms. The combined results suggest that at least 1% of females survived, but in the past, most laboratory and field studies were concerned with the age at which a mosquito bites an infected host and when transmission of the disease pathogens occurred (Watts et al. 1987) . Since the EIP is temperature dependent and modulated by increases or decreases in temperature (Watts et al. 1987) , it is not surprising that at high temperatures (circa 32º C) the EIP of dengue can be short, approximating seven to eight days. In Trinidad, the mean temperatures recorded during peak Ae. aegypti activity range from 26.7º C during the dry season to 27.4º C during the wet season (Chadee and Corbet 1987) , suggesting an EIP of ~13 days.
In addition, host-seeking in Ae. aegypti populations in Trinidad was observed after only 36-48 h post-emergence (Chadee 2012) which was similar to that observed by Christophers (1960) . These combined findings suggest that females must survive circa 14-15 days to become infected and infectious. Based on evidence from Ae. aegypti life-history studies and on the current evidence, it is clear that females can occasionally survive long periods of over 200 days and commonly in the laboratory over 150 days, and can serve as reservoirs of arboviruses within communities. These findings provide some insights into the role that old females can play in the transmission of dengue, chikungunya, and Zika viruses, with females possibly taking over 20 blood meals and may be classified as 'super-infectors or supertransmitters. ' This may modify epidemiological patterns in this region as recently hypothesized by Chadee and Martinez (2016) .
The adaptation to laboratory conditions shown here is not surprising, as Ae aegypti has shown ample evidence of adapting to changing environments. The finding of overwintering populations of Ae. aegypti in subterranean habitats on Capitol Hill, Washington, DC neighborhoods (Lima et al. 2016 ) and in underground drains, sewers, and pit latrines in the Caribbean and Latin American regions (Chadee and Martinez 2016) provide further evidence that mosquitoes can survive drought and severe or extreme events which may occur throughout the year. These old females also provide evidence that both females and males can survive for long periods, albeit in small numbers, allowing genotypic analysis similar to those conducted by Joy et al. (2010) .
It could also be determined whether these old females are found indoors or outdoors, in underground drains and sewer systems, overwinter, or remain active members of the breeding vector populations or part of an isolated population. The 'casa segura' study conducted in Mexico (Garcia-Rajon et al. 2008) reported the collection of dengue positive mosquitoes in bedrooms 30 days after an infected person was identified in the same household. In Trinidad the 'cardinal points' (Chadee et al. 2007 ) and sticky trap studies (Chadee and Ritchie 2010) provided physiological evidence that a high proportion of parous Ae. aegypti were found in the field, that is, as many as seven pars found in the field suggest a survival time in excess of 50 days, thus providing some support to our current findings.
The life-history data of individual mosquitoes provide an insight into the longevity of each female and male and also provide a unique perspective on the gonotrophic cycle of Ae. aegypti. The first three weeks of oviposition represented almost one-third of the eggs laid by a female during her lifetime. The decline in oviposition during the first quarter of the lifespan has not previously been reported and the alternating oviposition pattern observed after week 14 is unique and not previously described for Ae. aegypti (Figures 2 and 3) . Although full blood meals were provided and taken by females, the alternating pattern we observed suggests that old females may be adopting a strategy of partitioning their resources by using them for either egg production, energy reserves, or for extending their lifespans (Briegel 1985 , Styer et al. 2007 ). An example would be a female laying large numbers of eggs (>40 eggs) only when she has secured a second blood meal, but laying fewer (< 7 eggs) when only one blood meal was taken. The eggretention strategy adopted by Ae. aegypti was previously observed by Gillett (1962) who suggested that eggs can be laid "before or after the second or later blood meal" and thus laid before the next batch of eggs develop. Alternatively, metabolism in females over 14 weeks old may be less efficient and may require more time to produce large egg batches. It is likely that old females, if infected, may have a slower metabolism as a consequence of the infection. However transovarial transmission may occur in these females due to the possibility that all internal organs including the ovaries are infested with dengue, chikV or Zika viruses.
In conclusion, we found Ae. aegypti females surviving for over 150 days, taking over 20 blood meals and undergoing a large number of gonotrophic cycles. The longevity of females observed during the present study can have direct implications on the vectorial capacity of Ae. aegypti through extension of the infective lifespan, an increase in the number of individuals in a population able to transmit, and an increase in the total population size. However, further studies are required to characterize these behaviors and to fully understand the changes in the gonotrophic cycles and oviposition strategies.
I Figure 3
Oviposition patterns of three individual Ae. aegypti females in laboratory conditions in Trinidad, West Indies. Females from Cage A were removed at 14 weeks from the cage containing three females and one male and placed into individual cages. One female from cage A produced no further eggs, the patterns for the remaining two females are shown. After two females and the male from Cage C died the remaining female survived for 32 weeks and produced eggs for 31 weeks. Dissection of this female revealed 24 retained eggs and wing length of 3.4mm. . Average eggs per female produced in six cages (A-F) that contained three females and one male at the start of a laboratory experiment in Trinidad, West Indies. Bars indicate standard errors. G tests indicated highly significant differences in egg production in weeks with non-overlapping standard errors (G>16, p<0.001).
Figure 4
Average eggs per female produced in six cages (A-F) that contained three females and one male at the start of a laboratory experiment in Trinidad, West Indies. Bars indicate standard errors. G tests indicated highly significant differences in egg production in weeks with non-overlapping standard errors (G>16, p<0.001). 
